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Although impor tant efforts have been devoted
sine.c the 1960°s toimprovethe ¢ fficiency of
state-of-the-ar 1 materialssuchasBiyTes (Caillat,
19922), PbTe and Sig ¢Geg o alloys (Fleur ial,
1990), their thermoclectric efficiency remains
relatively low and the dimensionless fig ure of
merit 71" Of these materials hardly ¢ xeeeds 1.
Recenttranspor ( propertics niodeling predicted
that 7/I'= 1 constituted amaximumforthese
materials (Vining, 1991) (Fleur jal, 1992). The
development of new classes o f materials s
nccessary to achiceve substantial improvements of
the ¢ fficiency of related encr gy conver sion
systems.

A broad scarch for new high temperature
thermoclectric materials s underway at the Jet
1‘3opulsion Laboratory. This paper discusses the
propertics of two families Of compounds that we
belicve are inter esting to investigate in morce
details. The compounds 11Sbs, R hSbs and
CoSbsy with the skutter ndite structut ¢ constitute
the first family which will be described in this
papcr. 11Sbhy was identified as a new high
temiperature thermoclectric material (Cai llat,
1992Dh) and the phase diagram of the 1i-Sb
system was recently reinvestigated (Caillat,
1993[{).

The compounds CoSby , RhSby and IrSb,
constitute the second family of compounds which
will be discussed in this paper. These
compounds have the arsenopyrite type 0 f
stracture,

The Sk utterudite  Compounds 1rSha,
RhShy and CoSby

Alth ough it is not possible to predict if a
cornpo und is semiconducting 01 not fiom the
thcory of the chemical bonding, there are several
general rule s which can be used when
investigating new semiconductors,

These rales are well- known for the compounds
withthe diamond-like type of’ structure. Yo
example, some propertics of these cornpounds
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were discussed by Goodman (1958) in tenms of
bond length and clectronegativity  difference
between the elements of the cornpounds. This
information can be usefulto derive a1 clationship
bet ween different properties like bandgap, canic
mobility or melting point within a family of
comjou nds with identical structu re. Some
propertics of the well-known 111-V compounds
AlISb, GaSb, and InSb (Goryunova, 1968) arc
1cporied in Table 1.

Table 1. Some properties of AlISL, GaSb and
InSb compounds with the sphalerite structure:
mclting point (1'y), density (p), lattice parametcs
(a),mictohardness (11,,), bandgap (Al %), clectron

mobi lity (ut,,), hole mobility (ft, ) and
clectroncgativity differencebetween the CI(Clilt.nts

(0x).

AlSh GaSh InSh
w0 1050 717 53(
a(A) 6.1361 6.0961 6.4796
11
(klgl',/mm7) 400 448 220
AL (V) 1.6 0.79 0.18
l(t.;n?/v_s) 200 400 78000
ll ’ 1
((31‘117/\7.3) 550 140( /50
&x 0.4 ().3 0.2

As illustrated in Table 1., fo  the compounds
AISh, GaSb and InSb, the encrgy gap narrows
with decrcasing clectronegativity difference,
which mecans that the bonds become more
covalent in the sequence A1Sh-Ga Sb-InSb, A
similarbehavior Of theencrgy gap 1S observed
with decreasing melting point of the compound



as wcll as dccercasing _._dmn.‘_i_._.m:o,ﬁ. This
decrease in the microhardness is linked to the
decrcase in chemical bond m:o:m:_ which means
that the bonds become more metallic, As a
general 1ule, the catnier mobility incrcases when
the clectronegativity difference between the
clements in the compounds diminishes. All the
three compounds have close unit cell dimensions
which implics that solid solutions can likely be
formed between the compounds, which was
demonstrated.

In an attempt 1o derive the same gencral roles
for the skutterudite compounds 1rSbs, RhSby
and CoSbg, all available data in the literature are
reported in Table 2. The bandgap of the
compound 1rSbs ﬁ: estimated at 1.1 ¢V from
high temperature resistivity measurement (Caillat
1993D).

Table 2. Some propertics of 1rSbz, RhSbs and
c'oSbsy compounds with the skutterudite

structure: melting point (1I'v), mo:aQ (p), lattice
parameter (a), microhardness (1, ), bandgap
(AY9), hole mobility (j1,) and clectioncgativity
diffctence  between  the clements (8x).

(Feschotte, 1989), 44 (Zhuravlev N, N,

1958), °¢ (Caillat, 1993), 1 (Kjckshus, 1974),
(Dudkin, 19506), (Kuz'min, 1957), ¢

(Kliche, 1987), 4 (Caillat, 1992b), ** this study.

CoSbs RhSDhy IrSby

EVIE®) 873 ccc 44 :\: oo

p (p/em?) 769 | 796

a(A) 2.0347 1 | 9.2322

11,

(kg/mm?) 346 300 44

AV (V) 051 :

Hp

(em?/V.s) - 1500 ¢ 1200 #

8x 0.1 0.3 0.3

Although no bandgap valuc is available for the
compound RhSbs, the cnergy gap tends to
increase within this family of compounds in the
sequence CoSbz-RhShy-1rShy. As for the 11-V
compounds, the narrowing of the energy pap is
associated with a decrease of the electronegativity
difference between the elements in the
skutterudite compounds. Lower cnergy gap
values are also linked to a decrease of the
microhardness in these skutterudite compounds

Although the data available are not sufficient to
dernve definite conclusions about the variations of
the carrier mobility in the skutteradite family of
compounds, the mobility seems to decrease with
increasing bond ionicity.

The general 1ules conclating energy gap,
clectionegativity difference, melting point and
also microhardness which were established for
the 111-V compounds appear also valid for the
skutterudite compounds. 1t should be noted
however that 1clatively to the periodic table of
clements, the trends for the skutterudite
compounds arc reversed compare to AlSb, GaSb
and InSb. This difference in behavior will not be
discussed in this paper.

The general rales correlating paramcters such
as cnergy gap, clectroncgativity difference,
carricr mobility can be useful when investigating
the thermoclectric propeitics of a family of
compounds and can be used as guidelines for the
optimization of the materials

It is also interesting to point out that the three
compounds have close unit cell dimensions
which will likely allow the formation of solid
solutions between the three compounds CoSbs,
RhSbyand hSbz. Considering that we are
investigating new :_::522:: matcrials, the
formation of solid solutions between isostructural
compounds is interesting because of the
possibility of lower the Jattice thermal
conductivity, resulting in higher thermoclectric
conversion efficiency of the materials.

The unit cell of the skutterudite structure
contains 32 atoms which is rather large compared
10 state-of-the-art thermoclectric materials. The
thermal conductivity of the binary compound
I1Sby was found to be as low as 30 mW/em.K
(Caillat, 1992b) and lower thermal conductivities
can be expected for solid solutions

The
Cc

Compounds 1rShy, RhSb, and
by with the Arvsenopyrite Strocture

Although several studics were dedicated 1o the
chemical strocture of the compounds 11Sby,
RhSbhy and CoSb,, the clectiical properiies of
these compound have not been investigated in
details, The only compound in the family for
which a bandgap encrgy was estimated is € “0Sb;.
From high temperatuie clectrical resistivity
mecasurement, the bandgap was estimated at 0.2
¢V (Dudkin, 1956). According 1o a bonding
model proposed for the arsenopyrite structure
(Brostingen, 1970), all three compounds should

be semiconductors. A Sceebeek of 4 30pV/K and




an clect 1 icalresistivity of 1.7 mQ .cmweie
mcasured at room temper ature on a RhSb,
sample prepared by sintering with intermediate
crushing (Johnston, 1965). These values suggest
that this conmipound is also semiconducto
although additional data would bencededto
confirm the semiconducting character of RhSb.

Some proper ties of the compounds 1rShy,
RhSb; and CoSb; arcreporiedin <1able 3.

Table 3. Soine propertics of” It Sby, RhSh; and
CoSby compounds with the a1 senopyrite
stucture:melting point (Fyy), density (p), lattice
parameter (@), microhardness (11, ), bandgap
(AYY), hole mobility (pi,) andclectroncgativity
diffciencebet ween  the elements (6x)

* (Jeschotte, 1989), 4 4 (Zhuravlev N. N .,
1958), °° (Caillat, 1993), {(Kjckshus, 1971),
I (Oudkin, 1956), ¥ (Kuz'min, 1957).

(X)Sl){)ﬁ RhSh; ISy
1M CO)| 929% 105044 | 1475
b (pfem?) | 8341 §891 | 11.06
a(A) 6.50°/1 1 | 6.61561 | 6.5845 1
h(/\_) 6.3879 1] 6.5596'1 6.5497?. 1
c(A) 6.513 4 6.6S58‘1 | 6.6951 i
Binc 117.064 | 116.82% | 115.154
1,
(kg/min?) 650 4+ 1130 #
Al<(cV) 0.24
6x 0.1 0.3 0.3

In o1 der to deter mine if the compound IrSb;
was a semicond uctor 01 not, asample was
p1epared by cold- pressing and sinter ing. The
Seebeck coefficier 11 and the electrical resist ivity Of
this sample were measured as a function of the
temper ature up to 90 0°C and the 1esults ale.
reportedonlig. Tand 1ig. 2., respectively.

The high values achicved for the Scebecek
cocfficient indicated that the compound 1rSb; is
sell-li:O(IMet{)l, The Sce.beck cocfficient first
inct cases with the temperat ure before dees casing
for temperatures higher than 60 0°C,
corresponding to anintrinsic type of behavior,

The resistivity values tire also characteristicof a
semiconducting material. Hollowing the Secbeck
cocfficient variations, the electrical resistivity
decerca ses with temper ature for values higher than
600°C. It was however not possible to ¢ stimate
accurately the. bandgap energy because of thenon

obvious lincar d ¢jrenda nee of the clecti ic al
resistivity with the temper atu re at high
tempet atut e Morcovet, it is not clear why the
clectiical 1o sistivity decrcases from room
temperature to ~ 250°C, then increases and falls
again corresponding to the intrinsic type o f
conduction, More samples need to be synthesized
inorderto find if this behavioris reproducible,
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Fig 2. Resistivity ver sus temperature for 1IrSb;
sample /1

Althoughthermalconductivity measure ment
nced to be per formed on ISby samples to fully
cstimate its thermocleetiic potential, it appears as
an interesting candidate for high temperature
applications. Thecompounds CoS b,, RhSb, and
It Sby, have close lattice parameters and this
suggests that solid solutions can be formed



between them.,
(conclusion

Both familics of compounds (JrSby, RhSby
and CoSbz) and (J1Sby, RhSby and CoSb,),
appear as new promising candidates for
thermoclectric  applications.  lor  tile,
triantimonides compounds, g cneral trends
corrclating param cters like energ y pap,
electronegativity difference, mobility, melting
pointand microhardness were deliveci. These
rules can be useful as guidelines for the
optimization of the thermoclectric propertics of
solid solutions of the three compounds IrSbs,
RhSh: and CoSbs. 1rShy was also established as
asemiconductor. The family of compounds with
the arscnopyrite structure 1rShy, RhSbh, and
CoSby is also interesting 1o investigate in more
details.
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